ides ( Figure 3B ). Furthermore, we optimized acylation pathway was encoded by assigning a unique combination of diazoketone tags to each building block (see parameters for each electrophile in order to avoid both overacylation and incomplete acylation of amino-1,3-Supplemental Data), according to the "one-bead onestock solution" technology platform for chemical genetdioxane library intermediates, which significantly affected the purity of the original pilot library (see Experiics [14] . Importantly, to ensure characterization of the library, we assigned the least sensitive tags (tags T 10 A mental Procedures and Supplemental Data). These studies led to the elimination of several electrophiles to T 14 A, which often gave lower intensity signals in GC-ECD detection) to encode for the electrophiles. Because that consistently generated undesired reaction products (see Supplemental Data). each electrophile had a unique mass, this tagging strategy enabled us to infer electrophile identity by mass spectrometry in cases where the electrophile tag signals Library Encoding Strategy were ambiguous. Building block screening studies led to the selection of 50 nucleophiles and 22 electrophiles. Combined in a split-pool approach with the four enantioenriched epoxy Library Copy Number Because of the statistical distributions associated with alcohols 2-5 and six dimethylacetals 6-11, these building blocks enabled generation of a 4 ϫ 50 ϫ 6 ϫ 22 ϭ 26,400 the split-pool process, ensuring that every member theoretically arising from the pathway is actually generated member library. Adding to this the 200 diol intermediates 18 and 1,000 amine intermediates 20 generated by the requires starting with multiple copy numbers of beads. Figure 4A ). In fact, there was a significant pounds, we decided to synthesize a single copy (27,600 beads) of the extended 1,3-dioxane library, or an estireduction in the number of reactions in which overacylation, incomplete acylation, or oxidation was observed mated 18,000 distinct compounds. Two additional copies of the 1,3-diol and amine intermediates were also as compared to the pilot library ( Figure 4C ). Our optimization of the acylation step and use of the TESCl hyrequired to ensure sufficient representation of these molecules in the final library. This called for 2,400 addidroxyl-protecting group were thus key factors in improving this aspect of the split-pool synthesis. The relative tional beads (400 1,3-diol beads and 2000 amine beads), bringing the total number of beads to 30,000, or 3.6 increase in the percentage of reactions containing other unidentifiable impurities was attributed primarily to the g of enantioenriched ␥,␦-epoxy alcohol functionalized 500-600 m polystyrene resin 16.
introduction of new acylation reactions and building blocks (see Supplemental Data for purity analysis by acylation reaction class). Nevertheless, the overall purity Library Synthesis of the full library exceeded that of the pilot library. We commenced library synthesis with diazoketone tagEncoding Fidelity ging of 900 mg of each of the four ␥,␦-epoxy alcohol In addition to evaluating the purity of each reaction of functionalized resins 16. After tagging, the resins were the synthetic pathway, we also analyzed the fidelity of pooled, and then split into 50 vessels, tagged for the the corresponding tagging process ( Figure 4D ), which nucleophile building blocks, and then reacted with 50 is critical for the identification and resynthesis of moledifferent nucleophiles to provide 200 1,3-diols 17. Apcules, as well as for the correlation of structure with proximately 600 of these pooled beads were then set bioactivity. A total of 131 of 151 structures determined aside for inclusion in the final library as diols 18. The by LCMS and pool origin were consistent with structures remainder of the resin was then split and condensed predicted by GC-ECD tag analysis. Nine additional comwith six dimethylacetals to form 1200 1,3-dioxanes, pounds gave MS data that were reconciled with tag which were subsequently tagged for the dioxane-formanalysis after we considered possible undesired transing step. The resin was then briefly washed with PPTS formations using knowledge of the synthetic pathway. to remove any mixed acetals resulting from the reaction For example, in three cases, the mass we observed was of dimethylacetals with nucleophile hydroxyl groups. At consistent with acylation of an insufficiently protected this point, approximately 600 beads from each amine hydroxyl-containing nucleophile (in addition to acylation pool (except for the para-aniline dioxanes) were set at the desired site). After this reaction was taken into aside for Fmoc cleavage and inclusion in the final library account, the observed mass and GC prediction were as amines 20. The remaining 1,3-dioxane resin was fully concordant. We were able to infer nine compounds pooled and reacted with TESCl to protect nucleophile from GC traces alone despite low intensity LC traces, hydroxyl groups, and then split into 22 vessels. The while one compound gave ambiguous tags but was parresin was then tagged before Fmoc cleavage to avoid tially identifiable by mass alone. Inconsistency between undesired reaction of the carbenoid tags with free pri-LCMS and GC data was observed in only one case out mary amine. After Fmoc cleavage, the amine resin 19 of 151 compounds. Our analysis demonstrates that in was acylated with 22 electrophiles to yield the final 1,3-the vast majority of cases, LCMS data, GC data, and dioxane library members 21-25.
knowledge of the synthetic pathway enable predictions of structure, including stereochemistry and regioEvaluation of Synthetic Purity, Yield, and Encoding chemistry, to be made confidently.
Fidelity throughout the Synthesis

Synthetic Yield Synthetic Purity
Using Fmoc quantitation, we determined the loading After each building block-incorporating step of the synlevel, or amount of compound, per bead at the amine thesis, and before the next pooling step, we randomly intermediate stage just prior to generation of 19. The selected a number of beads from different pools for average loading level was found to be 52 nmol/bead, compound and tag cleavage to evaluate both the purity or 88% of the 59 nmol/bead determined from bulk eluof each synthetic transformation and the fidelity of the tion and purification of a model 1,3-dioxane compound encoding procedure.
( Figure 4B) [12]. We also integrated the LCMS traces of As shown (Figure 4A ), of the 13 diols 18 analyzed by 58 final products and converted peak areas to concen-LC, all were greater than 70% pure and 12 out of 13 were trations using a molar absorptivity value typical of 1,3-greater than 90% pure. Of the ten amines 20 analyzed by dioxane library members, in order to obtain a rough LC, nine were greater than 70% pure and eight were loading level estimate for the final stage of the library greater than 90% pure. Of the 128 acylations 21-25 synthesis. This analysis furnished a loading level of 20 analyzed by LC, 53% were greater than 90% pure and nmol/bead, or 34% of the model compound loading level 76% greater than 70% pure. Acylation of insufficiently ( Figure 4B ). The discrepancy between this value and the protected nucleophile hydroxyl groups accounted for value determined at the amine intermediate stage could the major impurities in 5% of the reactions less than have been due to partial compound cleavage during TESCl protection or electrophile acylation. Alternatively, 90% pure, while incomplete acylation was observed in We selected approximately 1% of the compounds (three these results thus demonstrated the overall synthetic wells) from each plate for purity and encoding fidelity efficiency and yield of the 1,3-dioxane pathway on a per analysis. As shown ( Figure 4A ), 20% percent of the acybead basis, ensuring that the majority of beads contain lated dioxanes 21-25 analyzed were greater than 90% sufficient quantity and purity of compound for multiple pure and 55% were greater than 70% pure. Of the reacbiological assays [12, 16].
tions that were less than 90% pure, 11% contained impurities resulting from sulfide oxidation, 1% contained overacylation products, and 1% contained free amine Library Formatting After we evaluated the purity, encoding fidelity, and yield due to incomplete acylation ( Figure 4C ). Sulfide oxidation thus accounted for a significant portion of the impuof the extended 1,3-dioxane pathway, individual beads were formatted into 384-well plates for compound rerities introduced through the formatting process. 5B ) were subjected to microplate-scale conditions unambiguous structural identification and confirmation. Nine percent of the compounds analyzed gave interpretfor dioxane formation. Reactions with 28 and 33 proceeded in high purity; however, reactions with 26 in able GC tag traces but very low intensity LCMS traces. This percentage was comparable to the 7% of acylated microplate-scale format consistently gave an additional peak in the LC trace, regardless of reaction conditions dioxanes analyzed before formatting that had low LCMS traces (9 out of 128). We attributed the slight increase or dimethylacetal. We identified this side product as chloride 27 ( Figure 5A ) and postulated that it arose from in compounds with low LCMS traces to degradation during formatting. Approximately 4% of the acylated hydroxyl-assisted chloride displacement of the amine in substrate 26 that competes with dioxane formation. dioxanes gave ambiguous GC traces, most likely due either to failure of tag incorporation, tag cleavage, or
We did not observe this side reaction with 28 as substrate because dioxane formation proceeds more raptag derivitization for GC analysis. The remaining 4% either had inconsistent LCMS and GC data, or gave idly without methyl substitution at R 1 . Presumably, generation of 27 from sulfide 33 was also not observed uninterpretable data. In cases where tags were ambiguous, mass data alone was sufficient to propose a small because the lower basicity of the sulfide would hinder the competing displacment process. In the end, these set of possible compounds, which, for the purposes of assay follow up, could be resynthesized and reevaluated model studies led us to remove the methyl epoxyol substrates from the resynthesis pathway. if necessary. These results indicated to us that while encoding fidelity was somewhat diminished through the To evaluate the substrate generality of the parallel format ketalization, we combined 1,3-diol substrates process of formatting 30,000 individual beads, in the majority of cases (Ͼ80%) confident structure prediction 28-33 and dimethylacetals 6-11 (not including 7) in 96-well plate format ( Figure 5B ). The high purity of these could still be made.
To After completion of the synthesis, we analyzed the diol two sublibraries and their potential value for biological and amine sublibraries for purity by LCMS ( Figure 6A ). exploration, we decided to adapt this portion of the Of the 19 diols 36 analyzed, 9 were greater than 90% 1,3-dioxane pathway to a solid-phase parallel synthesis pure and 14 were greater than 70% pure. Of the 131 format for rapid resynthesis.
Fmoc-protected amines 37 analyzed, 70% were greater than 90% pure, 83% greater than 80% pure, and 90% greater than 70% pure; 5% gave no LC trace, while the Parallel Synthesis Model Studies Successful parallel resynthesis of the amines and diols major impurity in 51% of the reactions less than 90% pure (20 out of 39 reactions) was due to sulfide oxidation from the 1,3-dioxane pathway depended upon the feasibility of conducting 1000 acid-catalyzed ketalization re-(Mϩ16 by mass spectrometry). We attributed the apparent increase in Fmoc-amine purity, as compared with actions in a reasonable timeframe and with a limited quantity of starting materials. Adaptation of the 1,3-1,3-diol purity (Figure 6A ), to the fluorenyl chromophore, genetic screens demonstrates the promising bioactivity molecule probes for chemical genetics increase in frequency and intensity, the ability to map biological of the enantioenriched 1,3-dioxanes and confirms the importance of building block, stereochemical, and skelassay data to well-characterized molecular libraries will be crucial. Our discovery of a building block-speetal diversity for the discovery of new biological probes. In particular, the modularity of the 1,3-dioxane pathway cific calmodulin binding element and an inhibitor of heart function whose bioactivity was not manifested enabled us to incorporate a large set of diverse nucleophiles, of which one was found to be consistently imporby its enantiomer illustrate the respective contributions of building block and stereochemical diversity tant for binding to calmodulin. Furthermore, stereocontrolled synthesis of library members through the use to small-molecule-facilitated studies in biology. of enantioenriched epoxy alcohols allowed individual all wells were dissolved in DMF (9.5 l) to give a 5 and 1.3 mM After 11.5 hr at room temperature, the resin was filtered and washed copy of the library (assuming approximately 60 nmol/bead average loading level as determined by Fmoc quantitation) for printing. with DMF (3 ϫ 10 min), THF (3 ϫ 10 min), and CH 2 Cl 2 (3 ϫ 10 min).
Slide Preparation for Small-Molecule Microarrays
sized compounds; structures of resynthesized compounds used in yield analysis; and purity analysis by acylation reaction class. ␥-aminopropyl functionalized glass slides (Corning) were incubated with 10 mM 8-(Fmoc-amino)-3,6-dioxaoctanoic acid, 10 mM PyBOP, and 20 mM DIPEA in DMF for 12 hr at room temperature. After
